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Ni-chain gap excitations in„NdxY12x…2BaNiO5:
One-dimensional to three-dimensional crossover
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~Received 8 November 1996; revised manuscript received 23 January 1997!

Linear-chain mixed-spin antiferromagnets~NdxY 12x) 2BaNiO5 were investigated by powder inelastic neu-
tron scattering forx50.25, 0.5, andx50.75. Long-range magnetic ordering was observed in all samples. The
temperature dependence of the Ni-chain spin-gap modes was measured and compared to previous results for
the x50 andx51 materials. In the magnetically disordered phase the spin dynamics was shown to have a
composition-independent character. The results suggest that one-dimensional gap excitations seen in the para-
magnetic and Ne´el phases of Nd2BaNiO5 are inherently related to Haldane spin excitations in the quantum-
disordered system Y2BaNiO5. @S0163-1829~97!10617-8#
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I. INTRODUCTION

For a S51 one-dimensional~1D! Heisenberg antiferro-
magnet~HAF! a singlet ground state and finite energy gap
the spin-excitation spectrum were predicted nearly two
cades ago by Haldane.1,2 Since then the interest in th
Haldane-gap problem has not shown any signs of decl
The theoretical, numerical, and experimental work of ma
authors led to a pretty good understanding of the gro
state andT50 excitations in quasi-1D integer-spin HAF sy
tems. A comprehensive list of references may be found
several recent publications, as for example, in Refs. 3
Much attention was given to the study of crossover from
~singlet ground state and Haldane-gap modes! to 3D ~Néel
ground state and conventional spin-wave modes! behavior.
From this point of view, CsNiCl3 ~Refs. 8–10! and isostruc-
tural compounds such as RbNiCl3,

11 were studied with
greatest scrutiny.

Another family of quasi-1DS51 antiferromagnets tha
seem to be promising model systems for the study of the
to 3D crossover is that of linear-chain nickelates with t
general formulaL2BaNiO5, whereL is one of the rare-earth
elements or Y~see reference list in Ref. 12!. Y 2BaNiO5 was
probably the first metal oxide material, for which a sing
ground state and spin gap were observed and interpr
within the framework of the Haldane conjecture.13–17,6 All
theLÞY species feature magnetic rare-earth ions positio
in between the Ni chains. The coupling of these moment
the Ni subsystem results in 3D Ne´el ordering with transition
temperatures ranging between 24 and 80 K.12,18–21Recent
inelastic neutron scattering studies of Pr2BaNiO5 ~Refs.
22,23! and Nd2BaNiO5 ~Refs. 24! have shown that 1D gap
excitations associated with the Ni chains exist in these
terials as well, both above and below the Ne´el temperature,
and are strikingly similar to Haldane-gap modes
Y 2BaNiO5

One unique advantage of linear-chain nickelates co
pared to most other quasi-1DS51 systems is that they ope
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new opportunities for investigating the interplay between
and 1D behavior. Substituting part of the rare-earth ions
nonmagnetic Y31 should allow us to observe, step by ste
how the 3D to 1D crossover occurs. As a realization of t
approach, we present herein our inelastic neutron-scatte
results on~NdxY 12x) 2BaNiO5 for x5 0.25, 0.5, and 0.75
We compare the new data to those previously obtained
Y 2BaNiO5 (x50) and Nd2BaNiO5 (x51).

II. EXPERIMENTAL PROCEDURES

~NdxY 12x) 2BaNiO5 samples were prepared by solid
state reaction method. Three samples, roughly 15 mg e
were fabricated withx50.25, 0.5, and 0.75. The sample
were characterized by conventional x-ray powder diffractio
In each case the diffraction pattern was found to be that
single-phase compound and totally consistent with
Y2BaNiO5-type orthorhombic structure ~space group
Immm) with no ordering of Y and Nd on theL sites. The
refined lattice parameters for our samples are listed in Ta
I along with those found in literature for Y2BaNiO5 and
Nd2BaNiO5.

Neutron-scattering experiments were performed on
H8, H4M, and H7 triple-axis spectrometer installed at Hi
Flux Beam Reactor at Brookhaven National Laboratory. F

TABLE I. Lattice parameters and Ne´el temperatures in
~NdxY 12x) 2BaNiO5.

Nd contentx a ~Å! b ~Å! c ~Å! TN ~K!

0 a 3.76 5.76 11.33
0.25 3.780 5.810 11.412 19~1!

0.5 3.794 5.844 11.484 29.5~0.5!
0.75 3.832 5.926 11.652 39~0.5!
1.0b 3.832 5.910 11.652 48

aSakaguchiet al. ~Ref. 17!.
bZheludevet al. ~Ref. 19!
11 516 © 1997 The American Physical Society
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55 11 517Ni-CHAIN GAP EXCITATIONS IN . . .
all three~NdxY 12x) 2BaNiO5 samples we tried to reproduc
the same experimental conditions of previous measurem
on Nd2BaNiO5.

24 Neutron beams of fixed final energie
Ef514.7 meV orEf530.5 meV were used with a pyrolitic
graphite ~PG! filter positioned after the sample. PG~002!
reflections were employed in both monochromator and a
lyzer. At all times the collimation setup was 4082408
24082808. The sample temperature was controlled in t
range 3.52300 K with the precision of at least 0.5 K b
standard or two-stage closed-cycle refrigerators.

III. RESULTS

A. Magnetic phase transition and spin structure

In all three ~NdxY 12x) 2BaNiO5 samples a magneti
phase transition was observed at finite temperatures
means of neutron powder diffraction. The measureme
were performed in the triple-axis mode to improve t
signal-to-noise ratio in our data. The low-temperature ph
in all three compounds is characterized by magnetic Br
reflections of the type (m11/2, k, n11/2) with m, k, n:
integer,m1n1k: even. The Ne´el temperatures were dete
mined by measuring theT dependence of the (0.5, 1
20.5) magnetic peak and are listed in Table I along with t
for Nd2BaNiO5 (x51).19 The Néel temperatureTN is plot-
ted against Nd concentrationx in Fig. 1~a! ~solid circles!.

We were not able to collect sufficient magnetic diffracti
data to do a complete refinement of the spin structure in
samples. Nevertheless, having assumed that in all the c
pounds studied the magnetic order is the same as
Nd2BaNiO5,

19,21we could separately determine the magn
tizations of Ni and Nd sublattices. This was achieved
analyzing the intensities of only three magnetic reflectio
(0.5, 1, 20.5), (0.5, 1, 1.5), and (0.5, 0, 2.5), that we
measured at several temperatures in each sample and no
ized by the intensities of nuclear Bragg peaks. The (0.5
1.5) and (0.5, 0, 2.5) peaks overlap and were there
treated as a single reflection. In the analysis we have utili
the Ni21 and Nd31 magnetic form factors from Ref. 25. Fo
the x50.5 andx50.75 samples the results are visualized
Fig. 1~b!. In thex50.25 sample the magnetic peaks were t
weak to be quantitatively analyzed. The observed N
sublattice magnetization is well described by the mean-fi
model developed in Ref. 21 for Nd31 in Nd2BaNiO5 and is
rather universal for all the compositions studied@Fig. 1~b!,
solid lines#. In contrast, the approach to saturation for t
Ni21 moments becomes visibly more gradual as the Nd c
centration is reduced. Open symbols in Fig. 1~a! show the
concentration dependence of the extrapolated (T50) satura-
tion moments for Ni and Nd in~NdxY 12x) 2BaNiO5.

B. Magnetic gap excitations

For ~NdxY 12x) 2BaNiO5 we performed essentially th
same type of inelastic measurements as were previously
for Nd2BaNiO5.

24 The powder-averaged cross secti
Spow(Q,v) for gap excitations with a Haldane-like 1D dy
namic structure factor was derived in Ref. 24 and herein
adopt the notation introduced in that paper. Convenien
Spow(Q,v) can be written as a product ofQ- and
v-dependent parts:Spow(Q,v)'Spow(Q)F(v). Spow(Q) has
ts
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the characteristic saw-tooth shape with maxima arou
Qm5$@(2n11)/2#a* %,14,24 and can be written as

Spow~Q!'
f ~Q!

Q (
m:uQmu<Q

@11~Qm /Q!2#. ~1!

Here f (Q) is the magnetic form factor for Ni21. The peak
shapes in constant-Q inelastic scans are given by24

F~v!}
1

A~\v!22D2
. ~2!

Both above and below the Ne´el temperatures constant-Q
scans atQ50.65a* reveal the presence of a gap excitati
around 10 meV in all three~NdxY 12x) 2BaNiO5 compounds

FIG. 1. ~a! Néel temperature versus Nd concentrationx as mea-
sured in~NdxY 12x) 2BaNiO5 ~solid circles!. Estimated saturation
moments for the Ni21 ~open circles! and Nd31 ~open triangles!
ions. The lines are guides to the eye.~b! Temperature dependenc
of magnetic moments on Ni21 ~open circles! and Nd31 ~open tri-
angles! in ~NdxY 12x) 2BaNiO5. For the Nd moment the solid line
represent fits resulting from a mean-field treatment as describe
Ref. 21. In the case of Ni the dashed lines are guides for the
The data for Nd2BaNiO5 are taken from Ref. 19.
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studied. Some typical raw data for thex50.5 sample are
shown in Fig. 2. As in the case of Nd2BaNiO5,

24 an intense
inelastic peak at\v'16 meV associated with a crystal-fie
transition in Nd and kinematic constraints forced us to lim
the inelastic scans to 14 meV energy transfer. The data w
analyzed using the form~2!, convoluted with a Gaussia
energy-resolution function. Refining the gap value, intens
and intrinsic energy widthG of the inelastic feature produce
reasonably good fits~Fig. 2, solid lines!. The gap energy for
~NdxY 12x) 2BaNiO5 (x50.25, 0.5 andx50.75) is plotted
against temperature in Fig. 3~a!. The same figure shows th
data forx50 ~Ref. 17! andx51.24 At all compositions the
gap energy decreases linearly on cooling fromT570 K and
starts to increase, also in a linear fashion, belowTN .

Figure 3~b! shows the temperature dependence of
energy-integrated intensity of the 10 meV peak as dedu
from the least-squares analysis described above. In this
ure we also show some unpublished Nd2BaNiO5 data.

26 Un-
fortunately, no relevant data on Y2BaNiO5 is currently
available. Between samples of different composition the
elastic intensities were scaled by the intensities of (0,1
powder lines measured with the same setup as used fo

FIG. 2. Typical inelastic constant-Q scans measured in
~Nd0.5Y 0.5) 2BaNiO5 above and below the Ne´el temperatureTN
529.5 K. The solid lines represent fits described in the text.
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elastic experiments. In~NdxY 12x) 2BaNiO5 (xÞ0) a de-
crease of inelastic intensity is observed on cooling throug
TN , that is, at the same temperature the gap energy starts
increase.

To verify the 1D nature of the 10 meV gap modes
constant-E scans were performed for~Nd0.5Y 0.5) 2BaNiO5
at T520 K andT532 K ~above and belowTN529.5) for
energy transfers of 12 and 10 meV, respectively. The resul
are shown in Fig. 4. The solid line represents a fit to our dat
with the expression forSpow(Q) derived in Ref. 24 for exci-
tations polarized perpendicular to the chain direction an
convoluted with the longitudinalQ resolution of the spec-
trometer. An excellent fit is obtained by refining only the
overall scaling factor and background level~solid lines in
Fig. 4!.

IV. DISCUSSION

The most important result of this work is that atT.TN
the Ni-chain spin gapD is composition-independent@Fig.
3~a!#. In Y 2BaNiO5 ~Ref. 17! D increases slowly withT as

FIG. 3. ~a! Temperature dependence of the spin gap in
~NdxY 12x) 2BaNiO5. The data forx50 andx51 are from Refs.
17 and 24, respectively.~b! Temperature dependence of the energy-
integrated intensity in the gap modes in~NdxY 12x) 2BaNiO5. The
x51 data are from Ref. 26.
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55 11 519Ni-CHAIN GAP EXCITATIONS IN . . .
in other Haldane-gap systems.27,7 The increase is substan
tially smaller than predicted by the nonlinears model.28 In
the paramagnetic phase of all~NdxY 12x) 2BaNiO5 species
studiedD increases gradually withT as well. As x and,
accordingly, the Ne´el temperature decrease, the gap
~NdxY 12x) 2BaNiO5 coincides with that in the pure Y nick
elate in an increasingly broad temperature range. It app
that in the disordered phase there is virtually no differen
betweenL2BaNiO5 systems that do or do not have a ma
netically ordered phase at low temperatures. This in turn m
suggest that gap modes in Nd-containing nickelates ar
the same nature as those in Y2BaNiO5, i.e., are Haldane-gap
excitations. We do note however, that even for the la
system there still is some ongoing controversy on whet
the magnetic excitations are to be associated with a Hald
ground state and the integrity of the spins involved.29

The experimental difficulties that limit our inelastic me
surements to 14-meV energy transfers24 have previously
prevented the study of Ni-chain gap excitations
Nd2BaNiO5 for T&0.7TN . For all compositions studied in
this work though, the minimum gap energy~at T'TN) is
smaller than in thex51 compound. We were, therefore, ab
to observe the gap excitations in a much broader tempera
interval, as for example in~Nd0.25Y 0.75) 2BaNiO5 where the
gap was seen even atT'0.2TN . In all cases the gap in

FIG. 4. Typical constant-E scans measured in
~Nd0.5Y 0.5) 2BaNiO5 above and below the Ne´el temperatureTN
529.5 K. The solid lines are fits to the data as described in the
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creaseslinearly with decreasingT in the ordered phase. Lin
ear behavior is what one expects from most general phys
considerations. Indeed,D must be a function of the magneti
order parameter alone, i. e., the only relevant thermodyna
characteristic of the system in the ordered phase at the
equilibrium. The first symmetry-permitted term in th
power-series expansion ofD is proportional to the square o
the order parameter. The temperature dependence of the
ter has been measured in Nd2BaNiO5 with very high accu-
racy using resonant magnetic x-ray diffraction,21 and shown
to scale as (TN2T)0.5 near the transition point. This imme
diately tells us that the change in the gap energy must
linear with (T2TN). The nontrivial experimental result i
that the gap shows this linear behavior in a very wide te
perature range. Only for~Nd0.25Y 0.75) 2BaNiO5 a hint of
saturation inD(T) at T→0 is observed@Fig. 3~a!#.

The temperature dependence of the energy-integrated
tensity of the gap excitations shows some compositi
independent trends as well@Fig. 3~b!#. In all samples at
T.TN this intensity decreases with increasingT and appears
to follow a master curve. As previously observed
Pr2BaNiO5, on cooling through the Ne´el point the intensity
goes down to roughly half its maximum value. For mo
samples the progressive increase in the gap energy prev
us from performing the measurements atT→0. However, in
the case of~Nd0.25Y 0.75) 2BaNiO5 it is clear that the inten-
sity extrapolates to a finite value at low temperature. A
though in Ref. 22 we have proposed a handwaving expla
tion for the decrease of the spectral weight of the gap mo
in the ordered phase, we are still lacking a quantitat
quantum-mechanical theory for the effect.

V. CONCLUSION

The temperature-dependent behavior of the 1D gap e
tations in ~NdxY 12x) 2BaNiO5 was studied by inelastic
neutron-scattering experiments. The spin gap in the magn
cally disordered phase was shown to be independent of
concentrationx. A linear increase of the gap was observ
on cooling through the Ne´el temperature. The results sugge
that Ni-chain spin dynamics in these species is very sim
to that in the Haldane-gap compound Y2BaNiO5. A consis-
tent finite-T theory for gap excitations in thoseL2BaNiO5
systems that undergo long-range magnetic ordering is ye
be developed.

ACKNOWLEDGMENTS

We would like to thank G. Shirane for his interest in th
work and for helping us to establish fruitful scientific co
laboration. This study was supported in part by the U.
Japan Cooperative Program on Neutron Scattering. Wor
Brookhaven National Laboratory was carried out under C
tract No. DE-AC02-76CH00016, Division of Material Sc
ence, U.S. Department of Energy. The Aoyama-Gak
group was partially supported by a Grant-in-Aid for Scie
tific Research from the Ministry of Education, Science a
Culture Japan and The Science Research Fund of Japan
vate School Promotion Foundation.

t.



ive

ys

a,

n

ev

J

et

s.

s.

hys.

ys.

ro-

ys.

11 520 55T. YOKOO, A. ZHELUDEV, M. NAKAMURA, AND J. AKIMITSU
*Present address: Department of Physics, Aoyama-Gakuin Un
sity, 6-16-1, Chitosedai, Setagaya-ku, Tokyo 157, Japan.

1F. D. M. Haldane, Phys. Rev. Lett.50, 1153~1983!.
2F. D. M. Haldane, Phys. Lett.93A, 464 ~1983!.
3S. Maet al., Phys. Rev. Lett.69, 3571~1992!.
4K. Kakurai, Physica B1992, 153 ~1992!.
5L. P. Regnault, I. Zaliznyak, J. P. Renard, and C. Vettier, Ph
Rev. B50, 9174~1994!.

6G. Xu et al., Phys. Rev. B54, R6827~1996!.
7A. Zheludevet al., Phys. Rev. B53, 15 004~1996!.
8W. J. L. Buyerset al., Phys. Rev. Lett.56, 371 ~1986!.
9R. M. Morra, W. J. L. Buyers, R. L. Armstrong, and K. Hirakaw
Phys. Rev. B38, 543 ~1988!.

10K. Kakurai, M. Steiner, R. Pynn, and J. K. Kjems, J. Phys. Co
dens. Matter3, 715 ~1991!.

11Z. Tun, W. J. L. Buyers, A. Harrison, and J. A. Rayne, Phys. R
B 43, 13 331~1991!.

12E. Garcia-Matres, J. L. Garcia-Munoz, J. L. Martinez, and
Rodriguez-Carvajal, J. Magn. Magn. Mater.149, 363 ~1995!.

13J. Darriet and L. P. Regnault, Solid State Commun.86, 409
~1993!.

14J. F. DiTusaet al., Physica B194-196, 181 ~1994!.
15A. P. Ramirez, S.-W. Cheong, and M. L. Kaplan, Phys. Rev. L

72, 3108~1994!.
r-

.

-

.

.

t.

16T. Yokoo, T. Sakaguchi, K. Kakurai, and J. Akimitsu, J. Phy
Soc. Jpn.64, 3651~1995!.

17T. Sakaguchi, K. Kakurai, T. Yokoo, and J. Akimitsu, J. Phy
Soc. Jpn.65, 3025~1996!; ~unpublished!.

18J. A. Alonsoet al., Solid State Commun.76, 467 ~1990!.
19V. Sachan, D. J. Buttrey, J. M. Tranquada, and G. Shirane, P

Rev. B49, 9658~1994!.
20M. N. Popova, I. V. Paukov, Y. A. Hadjiiskii, and B. V. Mill,

Phys. Lett. A203, 412 ~1995!.
21A. Zheludev, J. P. Hill, and D. J. Buttrey, Phys. Rev. B54, 7216

~1996!.
22A. Zheludev, J. M. Tranquada, T. Vogt, and D. J. Buttrey, Ph

Rev. B54, 6437~1996!.
23A. Zheludev, J. M. Tranquada, T. Vogt, and D. J. Buttrey, Eu

phys. Lett.35, 385 ~1996!.
24A. Zheludev, J. M. Tranquada, T. Vogt, and D. J. Buttrey, Ph

Rev. B54, 7210~1996!.
25P. J. Brown, inInternational Tables for Crystallography, edited

by A. J. C. Wilson~Kluwer, London, 1995!, Vol. C, Chap. 4.4.5.
26A. Zheludev, J. M. Tranquada, T. Vogt, and D. J. Buttrey~un-

published!.
27S. Maet al., Phys. Rev. B51, 3289~1995!.
28T. Jolicoeur and O. Golinelli, Phys. Rev. B50, 9265~1994!.
29T. Shimizuet al., Phys. Rev. B52, R9835~1995!.


